protocol IntroDuctIon
Collagens are the most abundant proteins in mammals and are the major component of the extracellular matrix (ECM) 1 . Structurally, collagen is composed of three polypeptide strands of ~1,000 amino acids each with polyproline II structures, forming a right-handed triple helix. 1 Repeats of the amino acid sequence glycine-prolinehydroxyproline (G-P-O (O is 4-(R)-hydroxyproline)) are responsible for the triple helical structure and stability of the collagens 1, 2 . Defects in the biosynthesis or post-translational modification of these proteins lead to several diseases 3 . Collagens are used in various medical procedures, as scaffolds for tissue engineering and hydrolyzed collagen (i.e., gelatin) is used in many pharmaceutical and food preparations 3 . Collagen-mimetic peptides are widely used as model systems to study the structure-function relationships of these proteins, cell attachment of the ECM and so on 4, 5 . Degradation of the ECM collagen and gelatin signals the onset and progression of various diseases including cancer and rheumatoid arthritis 6 . Matrix metalloproteinses (MMPs) are a family of Zn 2 + containing enzymes, which hydrolyzes these fibrous proteins under physiological conditions. MMP-2 and -9 are responsible for the progression and metastasis of many types of cancers [6] [7] [8] . In addition, these two enzymes are involved in Alzheimer's disease, acute pancreatitis, chronic obstructive pulmonary disease, atherosclerotic plaque rupture, stroke and multiple sclerosis [9] [10] [11] . Collagen-mimetic substrate peptides for MMP-2 and -9 have been used to determine the selectivities of various MMPs and to conduct mechanistic studies on the enzymatic reactions 12, 13 . Collagen-mimetic peptides and their fatty acid conjugates have been studied for their structural and cellular adhesion properties [14] [15] [16] [17] [18] . A collagen-mimetic peptide conjugated with various fatty acids has, e.g., been demonstrated to bind selectively to the CD44 receptors overexpressed in the surface of metastatic melanoma cells 19 . Liposomes incorporating these peptides target the metastatic melanoma cells and after internalization, deliver the liposomal contents to the cell cytosol 17, 19 . For these reported studies, the collagen-mimetic peptides and their fatty-acid conjugates were synthesized employing conventional solid-phase peptide synthesis. Typically, the amino acid coupling requires 1-2 h and each Fmocgroup deprotection reaction is conducted for 1 h [14] [15] [16] [17] [18] [19] . Consequently, the total synthesis times are fairly long [14] [15] [16] [17] [18] [19] [20] [21] . For example, we have previously prepared a stearic acid conjugated triple helical peptide containing 23 amino acid residues 20 . The synthesis required more than 7 d to complete employing a conventional automatic solid-phase peptide synthesizer 20 . In addition, the purification of the crude peptides by HPLC are often challenging, requiring more than one purification steps 18, 20 . We have recently demonstrated that fatty-acid conjugates of triplehelical, substrate peptides for MMP-2 and -9 are efficiently hydrolyzed by these enzymes 21 . We have prepared liposomes incorporating these lipopeptides and have demonstrated that the liposomal contents are efficiently released in the presence of recombinant as well as cancer cell-secreted MMP-2 and -9, and not in the presence of MMP-7 and -10 (refs. 21, 22) . These peptides and the corresponding fatty-acid conjugates were synthesized employing a microwaveassisted, automatic, solid-phase peptide synthesizer (Liberty and Discover from CEM, Matthews, North Carolina) 21, 22 . The coupling and the deprotection conditions were optimized for the synthesis of the collagen-mimetic peptides. For all the amino acids (except Arg), we used 25 W of microwave power at 50 °C and 5 min of coupling time during the synthesis. The Arg residues were subjected to double coupling. The initial coupling was carried out without using microwave power at 25 °C for 25 min. In the second stage, we used 25 W microwave power for coupling at 25 °C for 5 min. The use of less or no microwave power and low temperature minimizes γ-lactam formation 23 . Low temperature should also be maintained for amino acids like Cys and His, which are very prone to racemization 23 . A PEG-based resin (CLEAR Acid resin from Peptides International, Louisville, Kentucky) was used as the solid support during the synthesis. Fmoc-deprotection reactions were carried out employing 35 W of microwave power at 75 °C for 3 min. After removal of the N-terminal Fmoc group from the synthesized peptide, several carboxylic acids (e.g., stearic acid, oleic acid, linoleic acid, hexynoic acid and so on) were conjugated using 25 W of microwave power at 50 °C for 5 min. Following the same synthetic protocol, we have systematically varied the number of G-P-O repeat units in the peptides to alter the melting temperatures of the resultant triple-helical lipopeptides 22 . In addition, we have recently reported the conjugation of a protocol synthesized pyrene-containing fatty acid to the triple-helical peptides employing the microwave-assisted automatic peptide synthesizer 22 . In this protocol, we describe the details for the synthesis of one of these triple-helical lipopeptides containing the cleavage site for MMP-9 as an illustrative example. The complete amino acid sequence of this peptide is: CH 3 (CH 2 ) 16 CONH-GPQGIAGQR(GPO) 4 GG (the MMP-9 cleavage site is between the amino acids glycine and isoleucine). Compared with the time requirements of the conventional solid-phase peptide synthesis (7-10 d) [18] [19] [20] , the microwave-assisted protocol requires 14 h to prepare this lipopeptide containing 23 amino acids 21, 22 . The yield and the purity of the crude product was considerably improved in the microwave-assisted synthesis (45-50% yield, >60% purity) compared with the conventional synthesis ( < 30% yield, < 30% purity) [20] [21] [22] [23] . In addition to increasing the reaction temperature, the microwave irradiation causes de-aggregation of the growing peptide chains on the solid support 24, 25 . The protected amino acids and the coupling reagents in solution then access the chain termini, resulting in higher yield and purity of the synthesized peptides 24, 25 . Microwave irradiation is demonstrated to be one of the most efficient methods to accelerate reaction rates [24] [25] [26] . The rapid dielectric polarization of the solvent and the reactant molecules in the presence of microwave radiation leads to dramatically short reaction times, improved yields and purity of the products 25 . Microwave irradiation is frequently used in organic syntheses to conduct reactions that are not possible using conventional heating 24 . This approach has been used in solid-phase peptide synthesis to improve the purity of the crude peptides and to shorten the total synthesis time [27] [28] [29] [30] [31] [32] . Gellman 33 has reported a protocol for microwave-assisted preparation of β-peptide libraries. These peptides are difficult to prepare under conventional peptide synthesis conditions. Kappe 34 has reported a protocol to synthesize a calmodulin-binding peptide using microwave irradiation. However, these reported protocols are for the manual synthesis of short peptides (less than ten amino acids). In principle, these protocols can be used to synthesize the collagen-mimetic peptides containing more than 20 amino acids. However, the repetitive nature of the protocol will render the manual synthesis of the triple helical peptides extremely tedious and labor-intensive. The problem will be exacerbated if more GPO repeat units are needed in the triple helical peptides to impart the desired structural stability and biological property of the resultant triple-helical peptides [17] [18] [19] . The automatic, microwave-assisted protocol reported herein does not suffer from these limitations.
To the best of our knowledge, there is no previous protocol reported for automatic, microwave-assisted synthesis of triplehelical, collagen-mimetic lipopeptides.
In this protocol, details are provided to synthesize and purify the stearic acid conjugate of the triple-helical peptide in 100-µmole scale using the CEM Liberty Automated Microwave Assisted Peptide Synthesiser and associated PepDriver software. The general synthesis protocol for the microwave-assisted peptide synthesis is shown in Figure 1 . To the best of our knowledge, CEM Corporation is the sole supplier of microwave-assisted, automatic, solid-phase peptide synthesizers.
We have followed the same procedure to prepare these lipopeptides in 10-100-µmole scale without any loss of purity and efficiency. In addition to the conjugation of fatty acids, other fluorophores containing carboxylic acid group can be conjugated to the peptides employing this protocol. We observed that the temperature during the coupling of these fatty acids and other carboxylic acids need to be optimized to improve the purity of the crude lipopeptide. For example, the saturated fatty acids (e.g., stearic acid and palmitic acid) can be conjugated at 50 °C without any detectable loss of purity. However, for the conjugation of unsaturated fatty acids (e.g., oleic, linoleic and so on), the conjugation reaction needs to be conducted at 40 °C or less to maintain sufficient purity of the crude lipopeptides. If a peptide sequence contains high amounts of Arg, His or Cys residues, the conditions for the microwave-assisted peptide synthesis needs to be carefully optimized to reduce the formation of γ-lactams and racemization 23 .
Create the peptide sequence in the control software
Incorporate a method to the sequence by specifying synthesis scale, resin substituion, final deprotection requirements and manual or automated cleavage Specify the coupling method (i.e., single of double coupling) for each of the amino acids and conditions (i.e., reaction temperature, microwave power and coupling time)
Calculate reagent weights and the amount of solvents from control software Place the amino acid solutions and other reagents in appropriate locations on the instrument
Check on the supply of nitrogen gas and start the synthesis Mass spectrometry (matrix-assisted laser desorption/ionization-time of flight (MALDI-ToF)) CD spectrometer (Jasco, cat. no. J 815) EQUIPMENT SETUP Microwave synthesizer CEM Liberty system is a microwave-assisted automated peptide synthesizer (Fig. 2) . The actual synthesis is carried out in a teflon reaction vessel housed within the microwave chamber (CEM Discover). A fiber-optic temperature probe is directly inserted into the reaction vessel.
The system is equipped with 20 positions dedicated to 20 naturally occurring amino acids. Separate manifold containing five slots to the right are allocated for external reagents or non-natural amino acids. The resin and the product manifolds each contain 12 slots numbered 1-12. Three separate positions on the left manifold are designated for activator, activator base and cleavage bottles. There is a separate tray for holding the deprotection bottle.
• The Liberty operating software program, which enables the control of the instrument and synthesis of peptides is called the PepDriver. HPLC The purification was carried out using RP HPLC diphenyl semi-prep column. A linear gradient of 0-70% acetonitrile (vol/vol) (solvent B) was maintained at a flow rate of 8 ml min − 1 for 60 min. Solvent A was water. Both solvents contained 0.1% TFA (vol/vol). The flow rate was maintained at 8 ml min − 1 for 60 mins. The UV detection wavelength was set at 235 nm. Injection volume was 2 ml. A blank run was carried out using exactly the same conditions as the actual run before injecting the sample. The analytical RP HPLC was carried out for pure product using diphenyl analytical column. A linear gradient of 0-70% acetonitrile (vol/vol) (solvent B) was maintained at a flow rate of 1.5 ml min − 1 for 25 min. Solvent A was water. Both solvents contained 0.1% TFA (vol/vol). The UV detection wavelength was kept at 214 nm. Injection volume was 20 µl. Blank run was carried out before actual injection. Circular dichroism Circular dichroism spectra were recorded in a 1 mm path length quartz cuvette supplied by Jasco with the CD instrument. The concentration of lipopeptide was 1 mg ml − 1 in aqueous solution. The solution was stored at 4 °C for 24 h before recording the actual spectra.
Circular dichroism parameters: Temperature, 25 °C; number of scans, 3; scan speed, 100 nm min proceDure creating the sequence in the pepDriver 1| Open PepDriver and select the sequence tab on the top to open the sequence editor window. In the sequence editor create a new folder. To create the new folder, highlight yellow folder marked CEM (Fig. 3) on the left side of the sequence editor, which on right click opens up the option for new sequence. Alternatively, create a completely new folder. Type a name for the new sequence, e.g., NAT PROT (Fig. 3) . Start building the sequence by clicking on the amino-acid buttons (Fig. 3) placed in the middle of the sequence editor. For Hyp and stearic acid, click any external buttons on the right side (Fig. 3) . Enter the correct molecular weight by subtracting the molecular weight of one water molecule and Fmoc or other protecting groups, which will not be present in the final peptide sequence. In this case choose EX-3 for Hyp and EX-4 for the fatty acid. Note the sequence total MW as calculated by the software. When it is over, click the save button and then close the window.  crItIcal step Recheck the sequence just created. (Fig. 4) and then right click to give a name for the new method. From the adjacent sequence window locate the desired sequence and click enter. This step will display the sequence created in the sequence editor. On the right hand side, check C-terminus as acid when using an acid resin as in this example. If N-terminus of the final peptide chain contains Fmoc group, then check 'Yes' on Final Deprotection. In this example the final peptide chain will contain stearic acid in the N-terminal so check 'No' on Final Deprotection (Fig. 4) . Select the scale for synthesis and type the resin substitution as written on the resin bottle. Select the default cycles based on the protocol as shown in this example (Fig. 5) . Additional comments can be typed in the method comment box. Enter the coupling information for each set of amino acids by highlighting each amino acid and selecting a coupling method by scrolling down the menu just above the sequence. In this case Arg is highlighted and special double coupling method is selected as shown in (Fig. 4) . Finally, save the method and close the window. As soon as the method is saved it gets loaded into the method folder, which can be accessed from the main screen of the PepDriver.  pause poInt Check 'Skip Resin Load' under Sequence (Fig. 4) only if the resin is loaded manually, otherwise leave it blank.  crItIcal step If coupling method is not specified then by default it takes 0.1 mmol single coupling for all the amino acids.
Getting reagent weights 3|
Access the main screen of the PepDriver and locate the method just saved by selecting the method folder from the lower left side (Fig. 5) . Check whether all the information has been incorporated correctly. Then load the method into one of the gray circles marked '1'-'12' on top by dragging and dropping. The color of the circle will change from gray to green (Fig. 5,  circle 6 ). Find the total volume and weight of the reagents required by clicking the calculator tab on top of the screen and then select 'usage' . The usage calculator will calculate the minimum volume and weights corresponding to minimum volumes of each reagent. However, to ensure that no reagent bottle empties out during the synthesis, alternatively add 4-5 ml of excess solvent to the minimum volume. This will be the altered volume. Once the total volume to be used has been decided, click on the calculator tab and select 'reagent' . Under 'reagent' six tabs are listed for each type of reagents e.g., resin, amino acids, activator, bases, deprotection and cleaving. By clicking on the reagent of choice and typing in the altered volume the corresponding weights can be calculated. For external reagents, type the actual molecular weight, including all the protective groups, on the reagent calculator or use the following formula to calculate the number of grams to be weighed out. Weight in grams = (Molecular weight (g/mol) × 0.2 (M) × volume needed (ml))/(1,000). This formula is valid for 0.1-mmol scale synthesis.  pause poInt The method loaded can be cleared by right clicking on the green circle and opting for a clear method. purification and analysis of crude lipopeptide • tIMInG ~2 h 14| Purify the crude lipopeptide in semi-preparatory RP HPLC using the conditions stated in EqUIPMENT SETUP. Inject 20 mg in the column. Collect the pure product with the help of a fraction collector in small disposable centrifuge tubes. In this example, collect the peak corresponding to retention time 25.2 min (Fig. 6) . (Fig. 7) under the same conditions as mentioned before (see HPLC under EqUIPMENT SETUP).
Mass spectral analysis • tIMInG 30 min 18|
Measure the mass of the pure lipopeptide using in MALDI-ToF mass spectrometer (Fig. 8) .
? trouBlesHootInG Determination of triple helical conformation using cD spectroscopy • tIMInG 24 h for storing, 15 min for recording the spectra 19| Use a CD spectrometer and scan from wavelength 180-250 nm to observe any collagen-like triple helical structure (Fig. 9) . Prepare the solution by weighing 1 mg of the pure peptide in a small centrifuge tube (1.5 ml) and then dissolve in 1 ml of deionized water as described in reference 21. Store the solution for 24 h at 4 °C before recording the CD spectra to ensure that the lipopeptides have reached the monomer to trimer equilibrium 35 .
calculation of rpn value • tIMInG 5 min 20| Calculate the Rpn value (ratio of positive peak intensity at 225 nm to negative peak intensity at 200 nm) and compare it with Rpn value for collagen. The Rpn value calculated in this example is 0.1. Rpn value for natural collagen is 0.13 (ref. 14). Step 4, Reagent preparation: 2 h (it can vary depending on the sequence of the peptide)
Step 5, Starting the synthesis: 1 min Steps 6-11: 14 h 25 min. This is the total synthesis time. The synthesis time can vary depending on the peptide sequence, coupling and cleavage conditions
Step 12: Precipitation of the crude product, 3 h
Step 13: Isolation and drying of the crude product, about 5 h
Step 14: Purification of the crude product by HPLC, 2 h
Step 15: Solvent removal from the purified product, 15 min
Step 16: Freeze drying, 24 h
Step 17: Analysis of the pure product by HPLC, 1 h
Step 18: Mass spectral analysis, 30 min
Step 19: Sample preparation and CD spectral analysis, 24 min for storing, 15 min for recording the spectra
Step 20: Calculation of Rpn value, 5 min ? trouBlesHootInG If the system is unable to pressurize DMF or DCM, check whether the 'O' ring has fallen off from the caps or if there is enough nitrogen in the nitrogen tank (Step 5). In the case of valve problems, seek technical assistance from CEM. If the product transfer is not detected after automatic cleavage (Step 11) try changing the F4 line filter. Make sure that the product tube is placed in the right position and fitted properly. Check for leaks on any other manifold. In case a leak is detected from a different position in the product or resin manifold, put some empty centrifuge tubes in those positions. In case of deleted Step 18), apply double coupling for those amino acids. Alternatively, increase the microwave coupling times and temperature. In case of difficulty purifying by the semi-preparatory HPLC, use a different column, solvent system or higher temperature to get better peak resolution (Step 14).
antIcIpateD results
The coupling temperature has been optimized for the amino acids including Arg by employing the automatic, microwaveassisted peptide synthesizer. At first, we attempted the coupling and the stearic acid conjugation reactions at 25 °C; the crude lipopeptide was difficult to purify by HPLC because of peaks with very close retention times (Figs. 10 and 11) .
Conducting the coupling and the conjugation reactions at 40 °C improved the quality of the crude lipopeptide to some degree (Figs. 12 and 13) . Increasing the coupling and conjugation temperature to 50 °C solved the problem (Figs. 7  and 8 ). Further increase in reaction temperature (70 °C) did not provide any additional improvement for the quality of the crude lipopeptides. Using the described optimized conditions, the average yield of the crude lipopeptide isolated is 116 mg (50%). Purity determined from HPLC chromatogram for the purified lipopeptide is >94% (Fig. 8) . The peptide mass was verified using MALDI-ToF (Fig. 9 ) and the propensity of the lipopeptide to acquire a triple helical structure in aqueous solution was confirmed by CD spectrometry (Fig. 10) .
supplementary information
The detailed operational steps that the CEM Liberty peptide synthesizer performs for the single coupling, double coupling and cleavage from the resin are included in the supplementary Methods. 
